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ANALYSIS AND PREDICTION OF LONGITUDINAL STABILITY OF AIRPLANES “
By R. R.. GILEUTHand M, D. WmTE

SUMMARY

An anal@e has been made oj the longitudinal sta&l@
churactetitics of 16 airplunes u determined in flight.
In ti correlation oj satiefactoy and uneatigjactay char-
actetitice un”thdetermined zdues, the. derivative d&/da
thut expresses the ratio of static-restm”ng mom.ente to
eleoator-control moments w found to represent most

nearly thestabilitychwacterieticapprecided by tlw pilots.
In the o%rivatiw,&is the eikmtor angfe and a h the angle
of attack. This deriti”w mag be readily determined in
jlighi or in the wind tunnel by measuring the elevator
angk8 required for trim throughout the angle-of-attack
range. It a~orde, rnoreowr, a mean~ of comparing
airplane characteristic because the stick movement and
the type of ~tick+rce gradient are dependent. on the
magnitude of d8Jda.

The anal@8 WMS&ded to study the e$ects of WLrioua
design features on the observed stability characteristics.
In this connection an qme8tion w derived bIJmeans of
which d8$da may be.computi on the basis of general
airplane dimetion8 for the propeller-o~ condition.
Comparison of computed valu.wj or oornparable wind-
tunnel determinations with e~”ne-idling$ight conditi,
shows a powerful deetubihing efect of the idling propeller.
An empirical expremion basedon the propeller dimen8ion8
brought the Ixzlue8obtain+din the propeller-o$ tist~ and
t%ecomputations into goodagreement with the$ight ualues.
Generalpower-on e$ects observedin the vario-uxairplane8
tested are dticumed.

Design charts and data are included that 8howthe e$ecte
on longitudinal stability of relative positions of wing and
tail, fwelage size and location, engine nacelles, and hori-
zontal-tuil arrangements.

Ako included is a diwu.ssion of desirable numerical
values of d&/da. For design a value oj d&/da of 0.6 is
suggested.

INTRODUCTION

A few yeara ago the National Advisory Committee for
Aeronautics instituted a program for the study of the
flying qualities of airplanes. The primary purpose of
the research program was to determine quantitatively
what constitutes satisfactory flying qmdities and the
stabiIity and control requirements that an airplane can
be expected to fulfill. Accordingly, the investigation
has consisted mainly in determmm“ “ g thse charact&
tics in flight tests of various airplanes. These airplanes

were made available large~y by the Army and more ‘
recently by private companies in accordance with
requesiwby the Civil Aeronautics Authority.

Drawings of the airpl~ea tested in flight are given in
iigure 1 and pertinent dnnensiona me listed in table I.

Stability and control characteristics have now been
determined for 15 airplanes of varied types. The data
obtained have not only shown what constitutes satis-
factory flying qualities but also show, by a proper
anrdysis, how various design features irdluence the
observed flying qualitiw.

The present report preaenti the results of such an
analysis as regards the longitudinaMa.bility and
control characteristics of the various airplanes tested.

DEFINITION OF LONGITUDINAL STAIMIJTY

The longitudinal-stability characteristics of an Rir-
plane are conveyed to tha pilot as the variation of stick
force and stick position with air speed or angle of attack.
The pilot’s opinion of the stability is therefore governed
Lot only by the static pitching-moment characteristics
iCJda of the airplane but also by the power of the ele-
vators dCJd& and their hinge-moment characteristics.
Accordingly, a logical criterion for longitudinal stability
is defined as the ratio of static-restoring moment to
elevatmwontrd moment d&/da because both the stick
movement that the airplane experiences with a changing
mgle of attack and the stick-forc~ gradient depend on
this derivative.

Specific values of this derivative desirable for the
various types of airplane are still unestablished. Flight
tests indicate definitely, however, that the derivative
shoiid never be negative or of so low a value thnt a
reversal of either the stick movement or the stick force
occurs. Preliminary analysis of the stick-form data
shows that, for conventional tail arrangements, a value
of d8Jda of approximately 0.2 is reqtied to insure
stick-free stability because of normal elevator-floating
tendencies with angle-of-attack changes, Stick move-
ment is, of course, very nearly proportional to d&/da.
On airphmes intended for high maneuverability, large
values of dd~da have been found to be desirable pro- ..
tided that they are obtainable without heavy control
forces. For airplanes of this category, d8Jdcc should
be of such a value that at least a 4-inch movement of
the top of the stick is required to change from a low
to a high angle of attack in accelerated maneuvers. _ __
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Airplanes of appreciably lower stick travel have been
found to be very susceptible of inadvertent stalling in
maneuvers.

No upper limit for da,lda has been indicatid exoept
by considerations of maximum control requirements,
such as in landing with flaps mtendsd. It may also be
true that for airplanes of the tramport and the heavy-
bomber type a sticient hinge-moment reduction cannot
be obtained to allow appreciably greater values of
d&Jdathan are representative at the present time. For
reasons such as these, specific values cannot be recom-
mended with assurance although all tight data indicate.
that large values of d&/da are in themselves desirable
provided that they are not obtained at the expense of
acceptable control-force characteristics.

Additional discussion concerning numericaI values of
d6#a is included later in this report in commotion with
suggested design practice.

STABILITY EQUATION

Prehninary attempts to correlate the stability char-
acteristics determined in flight for the engine-idling
ocndition with those computed on a basis of wing-and-
taiI theory aIone indicated the necessity of considering
the destabilizing effects of the fusekige, the naoelles, and
the idling propeller. In the initial development of the
stability equation the effect of the idling propellers is
ignored.

Consideration of the forms and the momenta acting
on an airplane without propeller leads to the following
expression for dd~da:

where

T ‘evahreffectivenasf’chr(aa
de rate of change of downwaeh o-r& horizontal tail
Ta with angle of attack
Sw wing area, including section through fuselage and

ailerons, square feet
d horizontal distance from aerodynamic center of

wing to airplane center of gravity, feet

‘CL slope of wing ~ift-coefficient curve, per radian
K
Kr- fuselage and engine nacelle-moment factm
Wf maximum fuselage width, feet
Lf over-alIfuselage length, feet
IV number of engine nacelles in a multiengined a~-

plane
‘Wn maximum engine nacelle width, feet
L. over-all length of engine naoeUe, intimated to be

streamline body, feet
Q ratio of dynamic pressure over horizontal tail to
y free-stream dynamic pressure (0.!3)
t horizontal distance from aiiplane center of gravity

to elevator hinge line, feet

S, total horizontal tail area including section through
fuselage, square feet

do~, elope of curve of normal-force ooticient for hori-
da, zontfd tail, per radian .-
and
A aspeot ratio
r factmrin expresion for elope of normal-force curve

for tail surfaces with end plates
The defined symbols that occur in equation (1), the

figures that are to be used for their evaluation, and the
references from which the data for the figures -were
taken are listed in table II.

TABLB IL—REFERENCES FOR EVALUATION OF
SYMBOH3USED IN EXPRESSION FOR d&/drt

6ylnbol
F&; m&-

nation

mrlrw of
M% refer-
0ne3number

1
2

1

1

3

c Forhorimntnl W m mrktl tells mgnnted 88 end plata, see Egure 9.

I

..u_-
Fmum 2.—Dimensione nrd in Weblllt y cakmbuione.
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,

Most of the quantities in equation (1)’ may be com-
puted by the use of the iigures listed in table II. Some
exphtnation of the use of the charts in figures 4, 5, and
6 is, however, necessary for the evaluation of de/da.

The procedure to be followed in the determination of
&/da may be summarized in the foLlowing steps:
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Fmux!s 3.—Vruiatfon of slevator affmtivenesa factor r with ratio of elevator area
baok of hfnge Une to horizontal tall area. Data taken from mfsmnce L

(1) Determine which group of the four groups given
in figure 4-most nearly approximates the design taper
ratio and aspect ratio. This step is not critical because
corrections must later be applied for dtierences in aspect
ratio and taper ratio.

(2) In the sdected group, us~~ values of mO,z, and
Xj as delined in figure 2, with linear interpolations for x
and xl wherever necessary, determine de/da.

(3) Ii figure 5 (a) plot de/da as found in step (2)
against the group taper ratio and from this point follow
the contour line to the design taper ratio and read off a
new value of de/da.

(4) h iigure 5 (b) determine the correction to de/da
for the diilerence in the aspect ratio between the group
value and the design value at the design taper ratio,
Add this correction A(d~/da) to the value of dejda de-
termined in step (3) if the design value of the aspect
ratio is lower than the group. value; subtract-this cor-
rection if the desi~ value of the aspect ratio is higher
than the group value. “

(5) From figure 6 determine the correction factor to
be multiplied by the totaI value of de/da to convert it
from the absolute value at the centerline@ an average
vahe o~er the horizontal tail span.

With the following additional dimensions an example
of the computation of dcfda for airplane 1 (fig. 1) is indi-
cated in figures 4, 5, and 6.

.:. -

.-

m8 mg

Fmuas L—Variation of rets of ohanga @ downwash ovar horizontal tefl with angle ofatteck de/da w!th lmt!on of horir.ont~ tall IRSfor variorrawlig aspect snd tayr
mtkw. Data talon from reference 2.
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Horizontal distanoe from wing root
hinge line, (zJ@/2)---------------

71 I—NATIONAL AD~ItY

trailing edge ta elevator
feet---------------30.5

Horizontal distance from wing root ~-chord point to elevator
hinge lin% (z) (%/2 )---- ----. --.-. --fat-:--------. -_--5l.9

Vertical distanoe from wing root trailing edge to elevator hinge
line, (~)(b/2)------------L----_---feet----.-----.—k& 3
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These vmlu& determine point A in figure 4 (step 2).
If point A is transposed to figure 6 (a) and the contour
lines are followed, as indicated by the dashed line, point
B is located (step 3). The increment BC, transferred
from figure 5 (b) to figure 5 (a), establishes a value of
d+?a of 0.56 (St@p4).

Interpolation is necessary in figure 6 to determine
the correction factor of 0.95, which, when multiplied by
the value of de/da of 0.56, yields 0.53 (step 5).

The &continuities evident in the curves of figure 4
arise from the fact that the empirical expression for
de/da used in constructing the curves contained an nbsc-
lute value of a for which a mean value was assumed.
The discontinuities then occur for tail locations that
bring the horizontal tail on the wing wake center at the
assumed angle.

Actually, becausa the wake has a finite thiclmess
and because other locations near those corresponding

to

COifMITTEE- FOR AERONAUiWS

the discontinuities wiIl similady afTect the tail, the
curves should be faired in some way. This fairing has
not been attempted because the results would be mk-
Ieading; if the tail traverses the wing wake at=ome por-
tion of the angle-of-att~ck range, it will be operating
at different values of ck/da before and after passing
through the wake. Strictly, then, no single faired
value of de/da is applicable throughout the speed range
for these tail locations.
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The ciharteof figure 4 dso indicate qualitatively the
eflects on d&/da of wing dimensions and wing and tail
arrangements. Thus the increased stability of a high-
Wing-monophmcrarrangement over that of a 10w-wing
monoplWe may be partly attributed to the relative
vertical location of the wing and the horizontal tail.
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A comparison of propeller-off wind-tunnel remdta
with computed valuas of d&/da is given in figure 10.
The- feasibility of predicting propellpr-off stability
chwacteristim by means of the exprwsiort given is indi-
cated by the relatively small deviations of the data from
the ~ineof perfect agreement.

Values of d&/da for w&d-tunnel mode& for which
only ewes of dC~da are avaflable may be calculated
from the following expression

where c. is the mean aerodynamic chord of the wing.

CORRELATION WITH FLIGHT’ RESULTS

A comparison of the computed values of d&/da with
the valuas obtained in gliding flight with idling pro-
pellers is shown in @ure 11. A destabiMng moment
is clearly evident in the lack of agreement.
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FIGCEE11.-ComparIsrm of fllght stabUMyas detarminad with M@ pro@ara with
computed atribllity, pmpellar oR.

It was found that the effect of the idling propeller
could be represented by a term composed of the pro-
peller dimensions with a constant empirica~coefficient:

-.S

with previously undefined symboLslisted below:
K, empirical propeUer coefficient (0.65)
iVpnumber of propellers
D diameter of propeller
1, horizontal distmcefrom center of gravity to propqUer

phbne,feet
LI and inare given m figure 2.

The vahle of d3Jdcc for gliding ilight with idling
propellers then becomw

,fi

A comparison of the values of d6Jda as compu,ted
from this expression with those determined in flight is
given in figure U.
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“LIMITATIONS OF METHOD

Some deviation from perfect agreement may be noted
in figure 12. Several possible. explanations for these
irregularities are:

(1) The effect of the vertical center-of-gravity posi-
tion has been neglected. This procedure makes the
method somewhat conservative for high-wing mono-
pkmes, particularly at high angles of attack. For low-
wing and midwing monoplanes the vertical cent~r of
gravity is usually sufficiently close to the aerodynargic
center to be neglected, at least for attitude changes of
the rua=titude experienced in power-off flight. For
power-on flight, however, the vertical center-of-gravity
position has a marked effect because of the large atti-
tude changes e~erienced in going from low to .~gh
angles of attack.

.

(2) As calculated, the value of de/dceis substantially
independent of CL. Under certain conditions, usually
near the stall, a local flow breakdowm may make the
computed results inapplicable. In many airplanes this
breakdown results in values of d&/da near the stall
that are much greater than the vglues calculated or
existing over the rest of the angle-of-attack range.

(3) All of the effects of the idling propeller cannot
be adequately expressed by the simplified empirical
term used. h this connection it should be appreciated
that the value of the coefficient for the propeller-
moment term was obtained for conventional tractor
arrangements and may not be applicable for pusher or
unconventional arrangements.

Y
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(4) Because few data are available for the determi-
nation of Kf at themore rearward positions of the wing
with respect to the body, these values are subject to
modifications. In addition, no allowance was made for
the cross-sectional shape or plan form of the fusekge
and the nacelles in the calculation of their moments.

(5) The flight values of ‘d6,/da,although substantially
constant over the nornd-flight range, were subject to
some iudividud variations. In the present analysis
minimum values were always taken.

POWER EFFECTS

For all the aiqianes tested, the power+n and the
engine-idling values of cZ&/~a were substantially the
same at low angles of attack. Without exception, Iow-
wing monoplanes progressively lost stability with powep
on as the angle of attack increased. A large part of
this effect was mereIy an increase in the power of the
elevators as a result of the increase in q& that occurred.
This conclusion is indicated by the fact that the stability
lost was a function of the original power-off stability,
Low-wing monoplanes, however, that were neutrally
stable with engine idling or with power on at high speeds
deo lost stability, a representative amount for high
angka of attack being approximately d8Jda= —0.2.

On the basis of present knowledge, placing the center
of gravity below the aerodynamic center appears to be
the most direct method of limiting the stabiIity 10S due
to power. This effect can be easily computed from
considerations of the power-on attitude changes. High-
wing monoplanes tested in flight showed relatively littie
stability loss due to power; midwing monoplanes were
generally intermediate in this respect.

SUGGESTED DESIGN PRACTICE

Observations indicata that a value of d6Jda of
approximately 0.5 should be set as -a lower limit of de-
sirable stability in the gIiding condition. Experience
with several pursuit-type airplanes has shown that,
with conventional ratios of stick ta elevator movement,
this value of prope.ller-idhg stability reeulk in approxi-
mately 4 inches of stick movement in power-on ma-
neuvers. With the center of gravity well forward, this
value of d&/da may be obtained with a small tail
volume. This procedure is not recommended, however,
because it results in undue sensitivity to changes in the
center-of-gravity location and mak~ more criticaI the
control requirements for three-point landings. It is
better to use a Iarge tail vohune with normal center-of-
gravity locations.

For large airphmes not required to maneuver, in
which either visual or instrument references are always
avtiIabIe to the pilot, this stability limit does not appear
as essential. It is always desirabIe, however, that the
stability be sufllciently great that a reversal of stick
travel or stick force does not occur,

The value of d&/da of approximately 0.5 is dictated
not aIone by the fact that large valuea are in themselves
desirable; in addition, the reduction in stabiIity b-be
anticipated with power on at Iow speeds shouId not
diminish d~,/da to undwirabIy low values

The -methods of predicting Longitudinal stability
described in this report do not incIude the effects of
wing flaps. For all the airplanes tasted, however, tho
flap-down engine-idling conditions showed improvod
stability over that obtained with the flap up although
with the flap down the destabilizing effect of power was
in some cases greater than Xth the flap up,

The requirements for stick-free stability are met
when the airplane has onIy one trim speed for a given
trim tab setting, above which speed push forces are
required and below which, pull forces are required. A
positive gradient of stick force against angle of attack
of a magnitude suflicientito minimize the effects of con-
trol friction should exist throughout the speed range.
Preliminary investigation of the flight data indicates
that a.value of d&/da of about 0.2 must be exceeded to
obtain stick-free stability.

Other considerations, chiefly the ability to lower the
tail to the three-point attitude for landing with flaps
down, determine the upper limit for d&/da, aIthough it
shouId be apparent that, where large values of d&/da
are obtained by increased tail volume with a conven-
tional amount of elevator control, no difEcuIty shouId
occur.

CONCLUDING REMARKS

As a result of the foregoing analysis of flight data of
longitudinal stability, the following conclusions may be
stated:

1. For many purposes the criterion of longitudinal
stability is logically taken as d8Jda, the rate of change
of elevator angIe with angle of attack, where & is the
elevator angIe and a is the angle of attack. ::

2. I?rom only a knowledge of the basic airplane di-
mensions, d&/da may be predicted for both propcller-
off and propeHer-idling conditions for conventional
airpkme designs.

3. The empiricaJfactor that expresses the destabiliz-”
ing eflect of the idling propeller may be used to correct
propeller-off wind-tunneI data.

4. For all airplanes tested the stability with the pro-
peller idling and with power on at cruisii and high
speed were very nearly the same. Low-wing mono-
planes progressively lost stability M the angle of attack
increasad to the stall and high-wing monophmes tended
to retain their propeller-idling stability.

5. For design a value of d6,/&, with the propeller
idling, of 0.5 is suggested to insure power-on stability
and to give adequate stick movement for airplanes in-
tended for high maneuverability.

6. The suggested values of d&/& shoild be obtained
by an adjustment of the effective tafl volume with the
normaLcenter-of-gravity positions rmd the conventional
amounts of eIevator control.

LANGLEYMEMORIALAERONAUTICALLABO_RATORY,
NATIONAL”ADVISORYCOMMITTEEFORAERONAUTICS,

—.

LANGLEYFIELD, VA., D~cember12, 19.40.
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